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Radiation proctitis is characterized by mucosal in-
flammation followed by adverse chronic tissue re-
modeling and is associated with substantial morbidity
and mortality. Mast cell hyperplasia has been associ-
ated with diseases characterized by pathological tis-
sue remodeling and fibrosis. Rectal tissue from pa-
tients treated with radiotherapy shows mast cell
hyperplasia and activation, suggesting that these cells
play a role in the development of radiation-induced
sequelae. To investigate the role of mast cells in radia-
tion damage, experimental radiation proctitis was in-
duced in a mast cell-deficient (Wsh/Wsh) mouse model.
The colon and rectum of Wsh/Wsh and wild-type mice
were exposed to 27-Gy single-dose irradiation and stud-
ied after 2 and 14 weeks. Irradiated rodent rectum
showed mast cell hyperplasia. Wsh/Wsh mice developed
less acute and chronic rectal radiation damage than
their control littermates. Tissue protection was associ-
ated with increased tissue neutrophil influx and expres-
sion of several inflammatory mediators immediately af-
ter radiation exposure. It was further demonstrated that
mast cell chymase, tryptase, and histamine could
change human muscularis propria smooth muscle cells
into a migrating/proliferating and proinflammatory
phenotype. These data show that mast cells have dele-
terious effects on both acute and chronic radiation proc-
titis, possibly by limiting acute tissue neutrophil influx
and by favoring phenotypic orientation of smooth mus-
cle cells, thus making them active participants in the
radiation-induced inflammatory process and dystrophy
of the rectal wall. (Am J Pathol 2011, 178:640–651; DOI:
10.1016/j.ajpath.2010.10.003)
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Radiation proctitis is an insidious disease associated with
substantial morbidity and mortality. It may result from the
treatment of several malignancies in which normal rectal
tissue is present in the irradiation field. Clinical expres-
sion of bowel complications associated with radiotherapy
resembles chronic bowel diseases of other etiologies,
such as Crohn’s disease and ulcerative colitis, and is
generally underdiagnosed, especially when the latent pe-
riod after radiotherapy exceeds months or years.1–3 Ad-
vances in the quality of radiation treatment schedules
have improved tumor control, but have also increased the
number of cancer survivors subject to treatment-related
adverse effects, which are of primary importance in as-
sessing treatment effectiveness.

Acute radiation proctitis affects the majority of irradi-
ated patients and is seen mainly in the mucosal compart-
ment, with superficial mucosal erosion, acute inflamma-
tory infiltrate, and crypt abscesses.4 Although the acute
effects can usually be effectively managed and the symp-
toms are self-limiting in the weeks after treatment, late dam-
age may develop in 5% to 10% of irradiated patients.
Chronic complications are associated with damage
throughout the bowel wall, with vascular dystrophy and
uncontrolled scarring leading to tissue fibrosis.5,6 Only
two studies (in human skin and breast tissue) have asso-
ciated mast cells and fibrosis after radiation therapy,7,8

and there are no data on mast cells and irradiated human
gut.

Mast cells are immune effectors involved in allergic and
hypersensitivity reactions. They contain numerous media-
tors (chymase, tryptase, and histamine in particular) that are
actively implicated in a number of physiological and path-
ological situations, varying from normal wound healing and
host defense to tissue inflammation and tumor growth.9–11

Although mast cell hyperplasia is not systematically asso-
ciated with inflammatory bowel disease in humans, there is
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a consensus that mast cells have a key role in gastrointes-
tinal inflammation.12 Mast cells have also been associated
with diseases characterized by pathological tissue remod-
eling and fibrosis in different organs, including intestinal
radiation fibrosis.13–15

Preclinical studies on the role of mast cells in radiation
damage show that these cells may have beneficial or
detrimental effects, depending on the organ involved.
Mast cells are predominantly protective in a model of radi-
ation-induced heart disease in the rat,16 but are associated
with areas of collagen deposition and radiation fibrosis in
the rat lung and small intestine.15,17,18 There is evidence of
mast cell involvement in a preclinical model of small intes-
tinal radiation fibrosis,14 but data are lacking on damage to
the rectum, an organ particularly at risk of radiation expo-
sure during radiotherapy of rectal and prostatic tumors. In
the present study, mast cell hyperplasia and activation was
evidenced in human rectal tissue after preoperative radio-
therapy for rectal adenocarcinoma.

To examine the role of mast cells in radiation proctitis,
we used a well-established model of mast cell-deficient
mice. KitWsh/Wsh mice bear the W-sash (Wsh) spontaneous
inversion mutation located proximal to the Kit locus. The
Kit W-sh mutation affects Kit expression and mutant mice
show severe deficiency in melanoblasts and mast cells.
KitW-sh mice have normal levels of all differentiated he-
matopoietic lineages. Unlike KitW/W-v mice, KitWsh/Wsh

mice lack anemia and sterility and are a useful model for
mast cell research.19 The lack of anemia implies that
mast cell reconstitution in KitWsh/Wsh mice is not neces-
sary to validate the results. We showed that mast cell
deficiency protects from both acute and chronic radiation
proctitis, suggesting a detrimental role of mast cells in
this pathological context. In addition, the present study
provides in vitro evidence suggesting a role for mast cells
in the development of radiation-induced dystrophy of the
muscularis propria (MP), by changing the human primary
colonic smooth muscle cell (SMC) phenotype to a migrat-
ing/proliferating and proinflammatory phenotype.

Materials and Methods

Human Tissues

Human tissue was obtained in accordance with insti-
tutional ethical guidelines (Gustave Roussy Institute
J.-C.S.) and with French Medical Research Council
guidelines. Tissue was included from 16 patients treated
for rectal adenocarcinoma with preoperative radiother-
apy (45 Gy, fractions of 2 or 1.8 Gy). Tumors were sur-
gically resected 5 to 7 weeks after treatment. For each
patient, specimens of normal tissue were taken from the
irradiated field adjacent to the tumor and distant from the
tumor, so that patients served as their own controls.20

Sections were stained with 0.1% Sirius Red in a picric
acid-saturated aqueous solution for 1.5 hours, then
washed with 0.5% glacial acetic acid in distilled water for
5 minutes and counterstained with Mayer’s hematoxylin.

For immunostaining, sections were incubated with

mouse monoclonal antibodies against human mast cell
chymase (NCL-MMC, Novocastra, A; Menarini Diagnostics,
Rungis, France) or human mast cell tryptase (Clone AA1;
Dako, Trappes, France), and with a biotinylated goat anti-
mouse IgG followed by a horseradish peroxidase-avidin-
biotin complex (Dako). Detection was achieved using the
Vector NovaRED substrate kit for peroxidase (Vector Lab-
oratories, Burlingame, CA). Sections were counterstained
with Mayer’s hematoxylin.

Animal Tissues

Animals, Irradiation, Radiation Injury Score, and
Morphometric Analyses

Experiments were conducted in compliance with
French regulations for animal experimentation (Ministry of
Agriculture, Act 87-848, 19 October 1987) and approved
by the IRSN ethics committee. A total of 120 animals were
used. C57BL/6J-kitW-sh/W-sh mice were from the Jackson
Laboratory (Bar Harbor, ME). The spontaneous Kit muta-
tion occurred in a C3H/HeH � 101/H mating, and
C57Bl/6 background was guaranteed by at least 10
backcrosses to C57Bl/6 mice. Wild-type (Wt) C57Bl/6J
mice were thus used as control mice and were pur-
chased from Charles River Laboratories International
(Wilmington, MA). Animals were anesthetized and a sin-
gle 27-Gy (1.4 Gy/min) dose of gamma irradiation was
delivered by a cobalt 60 source through a 1 � 0.8-cm
window centered on the colorectal region. This model of
localized single-dose radiation exposure does not di-
rectly simulate fractionation treatment, but generates his-
topathological lesions similar to those seen clinically (ie,
severe acute mucosal ulceration and transmural collagen
deposition during the late phase, with 100% rectal ob-
struction), as shown by Skwarchuk and Travis.21,22

At 2 and 14 weeks after exposure, the colon and rec-
tum were fixed in 4% formaldehyde and embedded in
paraffin. Slides were stained with hematoxylin-eosin-saf-
fron. The severity of colorectal damage was assessed
using a radiation injury score (RIS) modified23 from the
one validated by Hauer-Jensen et al.24 The RIS was
designated in a blind fashion by two researchers (K.B.
and A.F.). RIS variables consisted of mucosal ulceration,
epithelial atypia, thickening of the subserosa, vascular scle-
rosis, intestinal wall thickening, colitis cystica profunda, and
dystrophy of the MP. Radiation injury was graded for each
variable as 0 � null, 1 � slight, 2 � moderate, or 3 �
severe. Dystrophy of the MP was graded as 0 � none,
1 � dystrophy of a few muscular cell layers in contact
with the submucosa, 2 � dystrophy affecting �50% of the
MP thickness, and 3 � dystrophy affecting �50% of the MP
thickness. Morphometric measurements of intestinal wall
thickness and thickness of the MP were performed using
the VisioL@b 2000 image analysis software package (Bio-
com, Les Ulis, France). Fifteen measurements per section
were obtained all along the injured area.

Staining of Mast Cells

Sections were stained with 1% toluidine blue in 0.5 N

HCl for 20 minutes followed by 0.7 N HCl for 10 minutes.
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Mast cells were counted in the whole injured area (�200
magnification) with between 6 and 11 slides per group.
Sirius Red staining was performed as described for hu-
man tissue sections.

Immunohistology

Sections were incubated with rat monoclonal antibody
against F4/80 (Santa Cruz Biotechnologies, Heidelberg,
Germany) or rabbit polyclonal antibody against myelo-
peroxidase (MPO) (Abcam, Paris, France) and immuno-
staining was performed as described as for human tis-
sue. For each Wt and Wsh/Wsh irradiated tissue, total and
MPO-positive cells invading the mucosa were counted in
a rectangle of 10,000 �m2 (�400 magnification). The
scoring of macrophage invasion was evaluated as fol-
lows: 1 � spots restricted to the lamina propria; submu-
cosa and MP negative; 2 � groups of macrophages at
the crypt base (�10 cells per crypt) submucosa and MP
negative; 3 � numerous macrophages at the crypt base
(�10 cells), strong invasion of the submucosa, presence
of macrophages in the MP and subserosa; 4 � strong
invasion of all tissue compartments.

Cell Culture

Primary colonic SMCs were isolated from the MP of re-
sected human normal colon (MP-SMCs) and used be-
tween P3 and P6.25 Confluent MP-SMCs were irradiated
with a 137Cs source (1 Gy/min).

Mast cell leukemia cell line, subline HMC-1560, was kindly
provided by Dr. Véronique Machelon (INSERM U764,
AP-HP Hôpital Antoine Béclère, Clamart, France). Cells
were grown at 37°C with 5% CO2 in modified Eagle’s me-
dium (Invitrogen, Cergy Pontoise, France) supplemented
with 10% dialyzed fetal calf serum, 7.5% bicarbonate so-
dium, 1% GlutaMAX and penicillin- streptomycin (all from
Gibco BRL; Invitrogen).

RNA Isolation, Reverse Transcription, and
Real-Time PCR

Mouse colorectal tissues were frozen in RNAlater RNA
stabilization reagent (Qiagen, Valencia, CA) until analy-
sis. Tissue and cell total RNA was prepared with the total
RNA isolation kit (RNeasy mini kit, Qiagen). Reverse tran-
scription was performed as described previously.20 PCR
was performed using TaqMan gene expression assays
(Applied Biosystems, Courtaboeuf, France), with GAPDH
and 18S as housekeeping genes for cells and tissues,
respectively. Relative mRNA was quantified using the
��CT method.

Protein Measurements

Protein levels were measured using enzyme-linked im-
munosorbent assay kits (R&D Systems Europe, Lille,

France) according to the manufacturer’s instructions.
MP-SMC Response to Mast Cell-Conditioned
Medium

Conditioned media were prepared by incubating HMC-1
(150 � 103 cells/ml) in modified Eagle’s medium (com-
plete medium). After 4 to 5 days of culture, cells were
centrifuged and conditioned media were collected. Con-
fluent monolayers of MP-SMCs were exposed to HMC-1
conditioned medium for 30 minutes and then exposed to
20 Gy or sham irradiation. Cells lysis was achieved at 3
hours for gene expression analysis.

Cell Proliferation

MP-SMCs were seeded in 96-well plates. Mast cell tryp-
tase, chymase (R&D Systems Europe), or histamine (Sig-
ma-Aldrich, St Quentin Fallavier, France) was added 48
hours after seeding, and cell viability was determined 48
hours later by measuring luminescence (Mithras LB940;
Berthold Technologies, Bad Wildbad, Germany) using
the ViaLight Plus kit according to the manufacturer’s in-
structions (Lonza, Emerainville, France).

In Vitro Migration Assay

MP-SMC migration was determined by the scratch injury
model in the presence or absence of mast cell tryptase,
chymase, or histamine. MP-SMCs were fixed and colored
with a methanol solution containing 3% paraformalde-
hyde and 0.25% crystal violet 72 hours after scratch
injury. Migration was measured by counting the number
of cells in a 350 � 1000-�m rectangle, representing the
size of the initial scratch.

Cell Contraction

MP-SMC contraction was measured using a collagen-
based cell contraction assay kit (Euromedex, Mundol-
sheim, France), 5 � 106 cells/ml, according to the man-
ufacturer’s instructions.

MP-SMC mRNA Expression Profiles

MP-SMC mRNA expression profiles were acquired by
real-time PCR at 1, 3, and 6 hours after the addition of
chymase (5, 10, 20, 40, 80 ng/ml), tryptase (50, 100, 500
ng/ml), histamine (10�6, 10�5, 10�4, 10�3 mol/L), or chy-
mase � tryptase � histamine (20 ng/ml, 100 ng/ml, and
10�4 mol/l, respectively).

Statistical Analyses

Data are reported as means � SEM. Statistical analyses
were performed by analysis of variance, Student’s t-test,
or the Mann-Whitney rank sum test, as appropriate, with

a level of significance of P � 0.05.
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Results

Radiation Damage to Human Rectum Is
Associated with Mast Cell Hyperplasia

Human rectal radiation damage is characterized by epi-
thelial atypia, mucosal inflammation/ulceration, submu-
cosal edema, inflammation and collagen deposition, vas-
cular dystrophy, and dystrophy of the MP. In the healthy
rectum, immunostaining for chymase and tryptase (Fig-
ure 1) shows that mast cells are mainly localized in the
lamina propria and submucosa (Figure 1, A and G) and
are virtually absent from the MP (Figure 1, C and I) and
normal vessel wall (Figure 1, E and K). This is consistent
with published data on the normal human colon.26 Radi-
ation damage to the rectum shows mast cell hyperplasia
in the mucosa and submucosa (Figure 1, B and H), and
mast cell invasion in the MP (Figure 1, D and J) and the
dystrophic vessel wall [Figure 1, F (arrows) and L]. As
revealed by Sirius Red staining, mast cells were present
in areas of collagen deposition, namely, in the submu-
cosa, MP, and vessel wall (Figure 1, N, P, and R, respec-
tively) compared with uninjured tissues (Figure 1, M, O,
and Q, respectively).

Experimental Radiation Proctitis in Wt Mice Is
Associated with Mast Cell Hyperplasia and
Wsh/Wsh Mice Are Protected from Both Acute
and Delayed Rectal Damage

In both strains, between 30% (Wsh/Wsh mice) and 40%

Figure 1. Immunostaining of chymase and tryptase (red spots) in human rec
in the submucosa and lamina propria (A and G). There are virtually no mast c
(C and I). Mast cells are absent from healthy vessel wall (E and K). Radiation
mucosa and subjacent submucosa (B and H) and with mast cell invasion o
staining shows dense collagen deposition in pathological tissues in the subm
healthy compartments (M, O, and Q, respectively). Note the absence of col
(Wt mice) of animals died from radiation-induced severe
rectal injury between day 20 and the scheduled day of
euthanasia, with no difference between strains. The 14-
week time point was chosen as showing severe tissue
damage before the development of radiation occlusion
syndrome, thus excluding the possibility of drawing con-
clusions about survival rates.

Toluidine blue staining revealed no mast cells in either
unirradiated or irradiated Wsh/Wsh tissues (data not
shown). Mast cells were very sparse in Wt control tissues,
and were observed mainly in the mucosa and mesentery
(Figure 2A, upper panels, arrowheads). Mast cell hyper-
plasia occurred 14 weeks after exposure in the subse-
rosa underneath ulcerated tissue, underneath the edge
of the ulceration, and in the inflamed mucosa and sub-
mucosa (Figure 2A, lower panels, arrowheads). Mast cell
number decreased 2 weeks after exposure in mucosa,
and increased in the serosa/mesenteric border (Figure
2B). At 14 weeks, a global increase in mast cell number
occurred in all tissue compartments.

The RIS value during both the acute and late phases of
rectal radiation damage in Wsh/Wsh mice was signifi-
cantly lower than in Wt mice (3.2 � 0.5 vs. 7.0 � 0.5 at 2
weeks, P � 0.001, and 4.7 � 0.9 vs. 10.3 � 1.3 at 14
weeks, P � 0.001) (Figure 2C). Acute lesions in Wt mice
consisted of extensive mucosal ulceration with complete
loss of crypt architecture, compared with control tissue
(Figure 2D). Conversely, Wsh/Wsh mice showed pre-
served epithelial lining and a significant number of regen-
erating crypts. Chronic damage was characterized by
strong collagen deposition in Wt mice, compared with
controls, as shown by Sirius Red staining. Wsh/Wsh mice
showed reduced chronic damage, compared with Wt

es. In normal tissue, chymase- and/or tryptase-positive mast cells are present
e normal muscularis propria, whereas some spots are visible in the subserosa
associated with activation and increase in mast cell numbers in the ulcerated
scularis propria (D and J) and vascular wall [F (arrows) and L]. Sirius Red
), muscularis propria (P), and vessel wall (R), compared with corresponding
position in the ulcerated mucosa (N). Scale bars � 200 �m.
tal tissu
ells in th
injury is
f the mu
mice.
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Among the seven parameters that make up the RIS,
Wsh/Wsh mice showed significantly less epithelial dam-
age and dystrophy of the MP during the acute phase
(Figure 3A), and numerous parameters were significantly
reduced during the late phase (Figure 3B), together with
less intestinal wall thickening and MP smooth muscle
mass (Figure 3C).

Gene Expression Profiles of Inflammation
Markers in Irradiated Wt and Wsh/Wsh Tissues

In experimental models of radiation gut damage using
high single-dose irradiation, the development of chronic

Figure 2. A: Toluidine blue staining of mast cells in Wt tissues. Mast cells are
occasionally observed in healthy mucosa and mesentery (upper panels,
arrowheads). Mast cell hyperplasia is visible 14 weeks after irradiation in
the MP and subserosa, as well as in the mucosa and submucosa (lower
panels, arrowheads). B: Number of mast cells per tissue section in each
colorectal compartment of Wt unirradiated mice (n � 5) and at 2 weeks
(n � 9) and 14 weeks (n � 12) after irradiation, showing significant mast cell
hyperplasia at 2 weeks in the serosa/mesentery and in all tissue compart-
ments at 14 weeks after irradiation. *P � 0.05; **P � 0.01. C: RIS in Wt and
Wsh/Wsh mice 2 and 14 weeks after exposure (n � 6–15 animals per group).
**P � 0.01; ***P � 0.001. Results are presented as means � SEM. D: Routine
tissue staining with hematoxylin-eosin-saffron and collagen staining with
Sirius Red. No difference in overall tissue organization was seen between Wt
and Wsh/Wsh, so pictures of Wt tissues served as controls. Acute radiation
injury is characterized by submucosal edema, transmural inflammation, and
total loss of covering epithelium in Wt mice, whereas epithelial lining is
preserved and tissue inflammation is reduced in Wsh/Wsh mice. Chronic
damage shows transmural collagen deposition, mucosal disorganization, and
muscular dystrophy in Wt mice, but reduced damage in Wsh/Wsh mice.
injury is known to be governed mainly by the severity of
acute damage.27 Wsh/Wsh mice showed reduced acute
injury of the epithelium and MP. Based on these obser-
vations, we decided to study i) the acute mRNA expres-
sion profile of several molecules involved in tissue inflam-
mation and cell recruitment and the effects on invading
cells and ii) the influence of three preformed mast cell
mediators known to influence vascular and airway SMC
phenotype (chymase, tryptase, and histamine) in human
primary colonic SMCs.

Two weeks after exposure (Figure 4A), irradiation in-
creased mRNA expression of all tested genes associated
with inflammation, with no difference between strains, ex-
cept for the interleukin-1� (IL-1�) mRNA level, which was
significantly higher in Wt than in Wsh/Wsh tissues (P � 0.05).
To investigate if differences between strains may be ex-
plained by the immediate acute tissue response to irradia-
tion, analyses were performed 3 hours after exposure. The
mRNA expression of several cytokines such as RANTES,
IL-6, IL-1�, tumor necrosis factor-� (TNF�), and IL-10, but
also the strong neutrophil-attracting C-X-C motif chemo-
kines 1 and 2 (CXCL-1 and CXCL-2) were significantly
higher in Wsh/Wsh mice than in Wt mice (Figure 4B).
These observations were confirmed by the protein levels

Figure 3. RIS parameters 2 weeks (A) and 14 weeks (B) after irradiation in
Wt (dashed line; n � 9) and Wsh/Wsh mice (solid line; n � 15). *P � 0.05;
**P � 0.01; ***P � 0.001. C: Intestinal wall thickness and thickness of the MP
14 weeks after injury in unirradiated mice (Wt: n � 7; Wsh/Wsh: n � 7), and
in 27-Gy-irradiated Wt (n � 7) and Wsh/Wsh mice (n � 12). *P � 0.05;

***P � 0.001 compared with controls; **P � 0.01 between irradiated groups.
Results are presented as means � SEM.
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7 hours after exposure for CXCL-1 and CXCL-2 (Figure 5,
A and B). Both IL-6 and TNF� were undetectable in all
cases.

Neutrophil and Macrophage Patterns 2 and 14
Weeks Postexposure

We next investigated the effects on tissue neutrophil in-
flux. We also looked at macrophages, which are known
regulators of tissue neutrophil recruitment. In healthy Wt
and Wsh/Wsh tissues (Figure 6A), neutrophils were lo-
cated in the lamina propria and the submucosa. Irradia-
tion induced neutrophil influx in all compartments in Wt as
well as in Wsh/Wsh mice. Two weeks after exposure, the
MPO-positive cell count revealed a higher proportion of
neutrophils in ulcerated mucosa of Wsh/Wsh mice (51.4%
of total cells were MPO-positive, vs. 25.5% in Wt mice;
Figure 6B). The number of circulating neutrophils, mea-
sured 10 days after exposure, significantly increased in
Wsh/Wsh mice compared with Wt mice, in which neutro-
phil numbers remained at the level of unirradiated ani-
mals (1.14 � 0.21 vs. 0.38 � 0.09 106 cells/ml, respec-
tively; P � 0.05, data not shown). No significant
difference in the percentage of MPO-positive cells was
seen in injured tissues of Wt and Wsh/Wsh mice 14 weeks
after irradiation (Figure 6C).

In healthy Wt and Wsh/Wsh tissues, macrophages were
localized in the lamina propria (Figure 7A). They were
rarely observed in the submucosa, except around ves-

Figure 4. mRNA expression profiles of colorectal tissues from Wt (n � 7)
and Wsh/Wsh mice (n � 7) compared with respective control levels
(standardized to 1) 2 weeks (A) and 3 hours (B) after irradiation. *P � 0.05;
**P � 0.01; ***P � 0.001 between irradiated groups. Results are presented as
means � SEM.
sels and occasionally in the serosa. Two weeks after
exposure, macrophages had infiltrated all compartments,
including the MP, in both mouse strains. Immunostaining
scores for macrophage invasion were similar in tissues of
both Wt and Wsh/Wsh strains 2 and 14 weeks after expo-
sure (Figure 7B). F4/80 gene expression measured by
real time PCR in irradiated tissues did not differ between
strains (data not shown).

The results suggest that mast cells may influence the
acute mucosal radiation response in mice. Mast cells
also invaded the external muscular layers of the human
rectum after 45-Gy radiotherapy (Figure 8A).

Influence of Mast Cell-Conditioned Medium on
MP-SMC Gene Expression Profile

The neutrophil and macrophage patterns prompted us to
analyze the role of mast cell mediators in the SMC phe-
notype. As a proof of principle of the possible influence of
mast cells on SMC phenotype, experiments were first
performed with mast cell-conditioned medium. Mast cell-
conditioned medium induced a shift of SMC phenotype to
a proinflammatory secretory state, increasing mRNA ex-
pression of cyclooxygenase-2 (COX-2), CXCL-2, and
IL-6. This was true for unirradiated as well as for 20-Gy-
irradiated SMCs. Moreover, previous irradiation signifi-
cantly exacerbated SMC response to mast cell-condi-
tioned medium (Table 1).

Figure 5. Concentration of CXCL-1 (A) and CXCL-2 (B) in picograms per
milligram of wet tissue in Wt and Wsh/Wsh mice 7 hours after sham (n � 6)

or 27-Gy irradiation (n � 9). *P � 0.05; **P � 0.01. Results are presented as
means � SEM. ND, not detectable.
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Influence of Mast Cell Mediators Chymase,
Tryptase, and Histamine on MP-SMC
Phenotype

All further experiments were performed on unirradiated
SMCs, to avoid radiation-induced cell cycle arrest, which
may compromise studies on cell migration and prolifera-
tion. Chymase, tryptase, and histamine were chosen as
the main preformed mast-cell mediators likely to influ-

Figure 6. A: Immunostaining for neutrophils (in red). In unirradiated tis-
sues, neutrophils are present in the submucosa and lamina propria in Wt, as
well as in Wsh/Wsh tissues (upper panels). Irradiation induces neutrophil
recruitment in all compartments in both strains (lower panels). B: Acute
mucosal infiltrate in Wsh/Wsh mice (n � 8) shows a higher proportion of
MPO-positive cells, compared with Wt (n � 8). ***P � 0.001. C: Late mucosal
infiltrate showing no significant difference in the proportion of MPO-positive
cells between Wt and Wsh/Wsh mice. Results are presented as means � SEM.
ence MP-SMC phenotype.
Mast cell chymase and tryptase significantly increased
both MP-SMC proliferation and migration, whereas hista-
mine had the opposite effect in vitro (Figure 8, B and C).
No significant modification of cell contraction was noted
in the presence of chymase, tryptase, or histamine (data
not shown).

Neither chymase nor tryptase modified MP-SMC
mRNA expression profiles of a set of proteins that char-
acterize tissue inflammation (data not shown). In contrast,
histamine influenced mRNA expression of several of
these proteins (Figure 9A). One hour after histamine ad-
dition, only CXCL-2 and TGFbeta expressions were in-
creased, compared with untreated MP-SMC cultures. At
3 hours, histamine significantly increased COX-2 and
reduced stem cell factor (SCF), intercellular adhesion
molecule 1, connective tissue growth factor, and �-2 type
I collagen. At 6 hours, histamine increased IL-6, IL-8,
COX-2, and CXCL-2 and reduced SCF, intercellular ad-
hesion molecule 1, matrix metalloproteinase 2, and
COL3A1. This was verified by the protein levels in cell
supernatants at 8, 16, and 24 hours for IL-6 and IL-8

Figure 7. A: Macrophages immunostaining. In unirradiated tissues, macro-
phages are present in the lamina propria and submucosa in Wt, as well as in
Wsh/Wsh tissues (upper panels). Irradiation induces macrophage infiltration
in all tissue compartments in both strains (lower panels). Scale bars � 200
�m. B: Acute and late macrophage invasion scores do not differ between

strains Results are presented as means � SEM for n � 6 (Wt) and n � 10
animals (Wsh/Wsh ).
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(Figure 9, B and C). In all cases, the changes in mRNA
expression in the presence of histamine � chymase �
tryptase did not show any additive or synergistic effect
compared with the addition of histamine alone. Notably,
expression of stem cell factor, which was reduced by

Figure 8. A: Activated mast cells in irradiated human rectal muscularis
propria, as evidenced by chymase and tryptase immunostaining. B: Influence
of chymase, tryptase, and histamine on MP-SMC proliferation. Luminescent
signals corresponding to MP-SMC numbers in control conditions or 48 hours
after addition of chymase, tryptase, or histamine. C: Influence of chymase,
tryptase, and histamine on MP-SMC migration. Number of migrating MP-
SMCs in the wound 72 hours after scratch injury, in control conditions or after
addition of chymase, tryptase, or histamine. **P � 0.01; ***P � 0.001. Results
are presented as means � SEM for three independent experiments.

Table 1. mRNA Expression Levels of PTGS2 (gene product : CO
to 20 Gy Alone, HMC-1 Conditioned Medium Alone, or

Gene 20 Gy (� SEM)

PTGS2 1.95 � 0.24*
IL-6 3.09 � 0.88*
CXCL-2 3.39 � 0.24**

Gene expression is compared with expression level of control SMCs
experiments.
*P � 0.05; **P � 0.01 compared with control.
†P � 0.01; ††P � 0.001 between HMC-1 conditioned medium and 20Gy � H
histamine alone, increased 6 hours after the simultaneous
addition of chymase, tryptase, and histamine (fold
change 2.10 � 0.14 compared with control expression,
P � 0.01) (data not shown).

Similar mRNA expression profiles in response to hista-
mine addition were obtained on previously 20-Gy-irradi-
ated SMCs (data not shown).

Discussion

The present findings show that human radiation proctitis
is associated with hyperplasia and activation of chy-
mase-positive and/or tryptase-positive mast cells. We
confirmed the occurrence of mast cell hyperplasia in a
model of radiation proctitis in mice and showed that mast
cell-deficient mice are protected from both acute and late
damage, strongly supporting a detrimental role for mast
cells in radiation proctitis.

Experimental models using high single-dose radiation
exposure of the gut are known to have a strong conse-
quential component.27 Therapeutic strategies or genetic
mutations reducing acute damage in these models often
reduce late damage in rats and mice.28–32 With the pres-
ent study, we have confirmed the link between acute and
late damage in single high-dose irradiation models by
demonstrating that the absence of mast cells reduces
both acute and late colorectal damage in mice. Con-
versely, Zheng et al14 showed that mast cell deficiency in
rats exposed to a high single dose exacerbated acute
lesions of the small intestine but protected from late dam-
age. Discrepancies may be explained by differences in
species, irradiation dose, and radiation response of the
small intestine versus colon-rectum. Mast cells comprise
a heterogeneous population of cells that are conditioned
by their environment in both normal and pathological
situations.10 Mast cells in mice may have different func-
tions than in rats. This may be illustrated by models of
bleomycin-induced lung damage, in which mast cells
contribute to lung injury and fibrosis in mice but not in
rats.33,34 Moreover, the exact effects of mast cell defi-
ciency on gut physiology in rats and mice are unknown,
and may result in different responses to tissue trauma,
including radiation damage. Finally, and considering that
Wt and Wsh/Wsh mice came from different facilities and
were not cohoused, one cannot exclude the possibility
that differences in luminal microbiota may affect tissue
response to irradiation and may have a role in the differ-
ences in tissue damage observed between strains.35

-6, and CXCL-2 in Smooth Muscle Cells 3 Hours after Exposure
� HMC-1 Conditioned Medium

HMC-1 conditioned
medium

20 Gy � HMC-1
conditioned medium

2.17 � 0.29* 4.87 � 0.83**†

6.38 � 0.90** 33.20 � 5.11**††

1.35 � 0.06* 4.27 � 0.85**†

rdized to 1. Data are reported as means � SEM for three independent
X-2), IL
20 Gy

, standa
MC-1 conditioned medium.
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Even though mast cell numbers are very different in
healthy and irradiated human and mouse tissues, mast
cell balance is tipped toward mast cell hyperplasia
and/or recruitment in both cases by ionizing radiation.
The detrimental role of mast cells in mice seems to fit with
what happens in human rectal tissues, in which mast cell
hyperplasia is associated with tissue injury and collagen
deposition. Further investigations are necessary, how-
ever. In particular, more observations of human tissue
after radiation damage are needed, as well as kinetic
studies including the late phase of radiation damage.

The expression profile of genes involved in inflamma-
tion and fibrosis obtained 3 hours after exposure reflects

Figure 9. A: mRNA expression profile of MP-SMCs 1, 3, and 6 hours after
addition of 10�5 mol/L histamine. B: IL-6 concentration (pg/ml) in MP-
SMC supernatants in control conditions or 8, 16, and 24 hours after addition
of 10�5 mol/L histamine. C: IL-8 concentration (pg/ml) in MP-SMC superna-
tants in control conditions or 8, 16, and 24 hours after addition of 10�5 mol/L
histamine. *P � 0.05; **P � 0.01; ***P � 0.001. Results are presented as
means � SEM.
the direct cellular response to ionizing radiation, and may
be determinant in the initiation and progression of future
tissue damage. We show that Wsh/Wsh mice exhibit a
stronger acute response to ionizing radiation than Wt
mice. The absence of mast cells results in increased
mRNA and protein levels of CXCL-1 and CXCL-2, two
chemokines strongly involved in leukocyte and in partic-
ular neutrophil recruitment. This is followed at 2 weeks by
a higher proportion of neutrophils in ulcerated areas of
irradiated tissues of Wsh/Wsh mice, compared with Wt
mice, with no difference in macrophage influx.

Surprisingly, increased neutrophil chemoattractant ex-
pression and subsequently higher neutrophil numbers
were associated with less tissue damage in Wsh/Wsh

mice. This contradicts current understanding of the role
of neutrophils in tissue damage, namely, that neutrophils
are generally considered deleterious in intestinal inflam-
mation. Tissue protection in Wsh/Wsh is also visible at
days 3 and 7 (data not shown), excluding the possibility
that higher neutrophil numbers at 2 weeks may result
from earlier stronger tissue damage. Several studies
have reported a potential role of acute neutrophil influx in
tissue protection. In Smad3 knockout mice, 30-Gy irradi-
ation of flank skin resulted in enhancement of migrating
neutrophils at 6–8 hours, compared with Wt skin, and
was correlated with radioprotection 6 weeks later.36

Moreover, mast cell reconstitution in W/Wv mice by
Smad3�/� bone marrow mast cells offered protection
against septic shock induced by cecal ligation and punc-
ture and was associated with increased neutrophil num-
bers in peritoneal exudates.37 Finally, in the same model
of experimental sepsis in mice, Alves-Filho et al38 ob-
served that IL-33 favors neutrophil chemotaxis to the site
of infection and reduces animal mortality after cecal liga-
tion and puncture; the IL-33-treated animals exhibited
increased neutrophil influx in the peritoneal cavity and a
better bacterial clearance.

It can be hypothesized that neutrophils, which are
known to be recruited acutely after irradiation and are
recognized to be important in bacterial defense, may
have a protective role in mouse acute radiation proctitis,
which is characterized by complete loss of intestinal bar-
rier, allowing bacterial transmigration. The late phase of
radiation tissue damage is characterized by diminished
reactive inflammation in favor of chronic scarring and is
associated with an overall reduction in tissue neutrophil
influx in both strains. Finally, further studies are needed to
understand how neutrophils protect tissue from radiation
proctitis and to clarify the role of mast cells in the regu-
lation of neutrophil influx in this particular pathological
situation.

Several studies have demonstrated that SMCs may
be active participants in inflammatory processes such
as atherosclerosis and asthma.39 – 41 SMCs may un-
dergo a shift to a proliferating/migrating/secreting phe-
notype, thus contributing to the promotion of persistent
tissue inflammation. SMCs secrete numerous inflamma-
tory mediators, including after radiation exposure, and
are known as the major source of collagen in fibrosing
gut.42–44 In human rectal tissues, we show here that mast
cell hyperplasia and activation occurs in the dystrophic

MP after 45-Gy preoperative radiotherapy for rectal ade-
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nocarcinoma. This is consistent with a report of accumu-
lation of mast cells in the thickened MP of fibrotic stric-
tures in Crohn’s disease.26 Mast cells are known to
influence barrier properties45 and visceral sensitivity46 in
the rat gut and migrating motor complexes in rats after
Nippostrongylus brasiliensis infection.47 There are no data
on the putative influence of mast cells on SMC phenotype
of the human gut or on their role in MP inflammation and
dystrophy.

Using a pertinent model of primary SMCs isolated from
human colonic MP, the present study shows that HMC-
1-conditioned medium increases SMC mRNA expression
of different inflammatory mediators. This is true for unir-
radiated as well as for 20-Gy-irradiated SMCs. One inter-
esting observation is the sensitization of irradiated SMCs
to HMC-1 conditioned medium, compared with unirradi-
ated cells. For example, several studies showed a syn-
ergism between TNF� and interferon-� on CXCL-10
release in airway SMCs. Recently, Clarke et al48 dem-
onstrated that TNF� and interferon-� synergistically re-
cruited the transcriptional coactivator CREB-binding pro-
tein to the CXCL-10 promoter along with heightened
recruitment of RNA polymerase II to the promoter. Further
studies will be necessary under our experimental condi-
tions to specify the mechanisms by which irradiated cells
are sensitized to the mediators contained in the mast
cell-conditioned medium. Mast cell mediators and irra-
diation may severally activate numerous transcription
factors involved in the transcriptional regulation of
COX-2, CXCL-2, and IL-6, and may also synergistically
recruit coactivators. Such a sensitization of irradiated
cells to inflammatory mediators may have important
repercussions in the development of tissue damage in
cases of radiation exposure in the context of pre-exist-
ing inflammation.

Mimicking the effect of mast cells by tryptase, chy-
mase, or histamine addition influences SMC phenotype.
Mast cell tryptase and chymase treatment stimulates
both proliferation and migration of colonic SMCs, two
phenotypic features which may actively participate in
dystrophy of the MP. These in vitro data are supported by
the fact that an absence of mast cells in vivo reduces
radiation-induced SMC proliferation in the rat small intes-
tine,14 and we show here that Wsh/Wsh mice have re-
duced MP thickness, revealing diminished SMC hyper-
plasia as well. Finally, several studies have demonstrated
that mast cell tryptase, chymase, and/or histamine may
influence vascular SMC phenotype in human abdominal
aortic aneurysms and favor atherosclerosis and plaque
growth in mice.49,50 Mast cells invade the submucosal
vessel wall in rectal tissues after radiotherapy, and may
be involved in radiation-induced vascular dystrophy. This
is part of our future investigations.

Histamine is known to stimulate both the migration and
proliferation of vascular SMCs,51 which participate in in-
timal thickening. We show here that histamine, although it
reduces both migration and proliferation of MP-SMCs,
shifts their expression toward a proinflammatory rather
than a profibrosing profile. Histamine increases MP-SMC
mRNA levels of several molecules that may contribute to

immune cell invasion, promote inflammation, and favor
mast cell persistence in the tissue. For example, IL-8 and
COX-2, both pivotal mediators of intestinal inflammation,
are implicated in vascular SMC migration and inflamma-
tion of the vessel wall in atherosclerosis.39,52–54 TGF�
shows strong mast cell chemoattractant properties in
vitro,55 and human airways SMCs promote mast cell sur-
vival and proliferation in part by the secretion of IL-6 and
SCF.56 In our model we show that (unlike histamine alone,
which decreases SCF expression) the simultaneous
presence of histamine, chymase, and tryptase increases
MP-SMC expression of SCF, a mast cell growth and sur-
viving factor. In our model, in which histamine treatment
mimics mast cell activation, MP-SMCs may actively par-
ticipate in radiation-induced MP dystrophy by favoring
mast cell recruitment, proliferation, and/or survival.

Finally, studies could be performed with mast cells
stabilizers such as cromoglycate or doxantrazole, which
may allow discriminating between mechanisms depen-
dent and independent of degranulation. Moreover, an
intriguing perspective on the present work could come
from the use of mast cell inhibitors such as imatinib me-
sylate, which reduces radiation-induced pulmonary mast
cell influx and lung damage in mice.57

In conclusion, mast cell hyperplasia and activation is
associated with human radiation proctitis, and the
presence of mast cells is deleterious in both the acute
and chronic phases of experimental radiation proctitis.
Mast cells may reduce the acute neutrophil influx nec-
essary for tissue protection and thus favor a shift of MP-
SMCs toward a proliferating/migrating/secreting pheno-
type, thereby perpetuating colonic wall inflammation. The
present data highlight the complexity of the roles played
by mast cells in different pathophysiological processes
and the need for extensive studies in each specific con-
text, but support the value of developing strategies tar-
geting mast cell mediators to ameliorate or prevent radi-
ation proctitis.
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